ABSTRACT -In this study, we have optimized production of bacterial cellulose (BC) by Komagataeibacter hansenii ATCC 23769 in a static cultivation using sisal juice, an agroindustrial residue, as substrate. Optimization of fermentation parameters has been carried out using the one-variable-at-a-time method. Effect of initial sugar concentration, pH, nitrogen supplement, and cultivation time was evaluated. The influence of nitrogen source and quantity for bacterial cellulose production was studied using a central composite rotational design (CCRD).The highest production of BC (3.38 g/L) was obtained after 10 days of cultivation, using sisal juice (pH 5) at 15 g/L of sugars and supplemented with 7.5 g/L of extract yeast. The cellulose production yield in selected sisal culture conditions was three times higher than the yield in synthetic medium, indicating that sisal juice is a suitable substrate for BC production.
INTRODUCTION
The development of processes for the production and application of biodegradable materials within the scope of green chemistry has been seen as a way to increase the efficiency of conventional processes and ensure the safety of the environment. Among those biodegradable materials, bacterial cellulose is an easily obtainable carbohydrate polymer that has shown potential for application in several areas (Brown, 1986; Panesar et al., 2012; Wu et al., 2013) .
Bacterial cellulose (BC) presents unique properties, including high mechanical strength in the wet state, a high degree of crystallinity, biocompatibility, non-toxicity, high porosity, an ultrafine fiber network, selective permeability, and high water holding capacity (Pecoraro et al., 2008) . Such features make BC an outstanding material suitable for technological applications in bioenergy, bioplastics, biomaterials, nanotechnology, biorefining, drug delivery, food, chemistry, packaging, paper, pharmaceuticals, medicine, oil recovery, textiles and wood (Chawla et al., 2009; Hoenich, 2007; Shah, 2013; Shi et al., 2014) . Moreover, this cellulose has the advantage of being naturally free of lignin and hemicellulose (Chawla et al., 2009) .
In the biomedical field, BC is primarily used for the development of burn dressings, vascular grafts, dental implant components, and drug delivery matrices and for the treatment of skin wounds (Henich, 2007) . In 1980 the Johnson & Johnson Company initiated an intensive investigation of medical applications of BC as wound dressing. However, only in 2003, after the patents arising from this study were licensed to the Xylos Corporation, the XCell® product started to be manufactured and comercialized for the treatment of wounds (Sindhu et al, 2014) . In Brazil, the main producer of cellulose membranes for treatment of wounds and skin burns is the company Bionext Biotechnological Products Ltd. (Donini et al, 2010) . Besides Brazil, there are several companies in Canada, the United States and Japan, manufacturing e selling BC products for biomedical purposes (Sindhu et al, 2014) .
BC applications are far beyond the biomedical field. 'Nata de Coco', a food product originally from the Philippines and consumed mainly in the production of desserts, became one of the first commercially available products from microbial cellulose, gaining remarkable popularity in Asian countries. Other food applications suggest the use of BC in processed foods to improve their quality, for example as low-calorie food additives, thickeners, stabilizers, texture modifiers, food packaging, etc. (Shi et al., 2014) .
The excellent mechanical properties and high thermal stability of BC justify its use in papermaking. Indeed, companies such as Mitsubishi Paper Mills in Japan are investing many resources in the development of microbial cellulose for applications in paper products (Charreau et al. 2013) . Other applications of this type of cellulose include its use in composites to obtain materials with specific properties, speaker membranes, aerogels, matrices to immobilize biomolecules or microorganisms, ultrafiltration membranes, and stabilizers for cosmetic emulsions (Wu et al., 2013; Pecoraro et al., 2008; Chawla et al., 2009) .
BC can be obtained through clean and low energy consumption processes by cultivating microorganisms, especially bacteria of the genus Komagataeibacter, in medium containing sugars and others nutrients. BC is obtained in a shorter time than that required for plant cellulose synthesis. Moreover, it does not require a large cultivation area, and it does not suffer from climate interferences or generate toxic effluent during the purification steps (Chawla et al., 2009) . To reduce production costs, research projects have evaluated agroindustrial sources as alternative culture media for BC production. Examples of agro-industrial sources studied include: fruit juices (Jozala et al., 2015; Kurosumi et al., 2009) , molasses (Çakar et al., 2014) , molasses-corn steep liquor (Bae and Shoda, 2004; Jung et al., 2010) , aqueous extract from grape skins, cheese whey, crude glycerol, sulfite pulping liquor (Jozala et al., 2015; Carreira et al., 2009) , pineapple peel juice, sugar cane juice (Castro et al., 2011) , coconut juice (Kongruang, 2008) , waste beer yeast (Lin et al., 2014) , maple syrup (Zeng et al., 2011) , hydrolyzed starch, and coconut water (Hungund, 2013) . In many cases, it is possible to achieve similar or superior production of BC when compared to methods using synthetic media. The use of alternative carbon sources in fermentation processes is important because this can reduce the environmental impact from the disposal of agro-industrial wastes, reduce the final cost of the product, and add value to the supply chains involved (Jozala et al., 2015) .
In northeastern Brazil, the production of sisal stands out for its economic importance and for the amount of waste generated during its processing. Sisal (Agave sisalana) is a plant of Mexican origin introduced into Brazil in 1910. Since the 1930s, its cultivation is directed to the production of sisal fibers, which correspond to 70% of all production of hard fibers and generates around 80 million dollars per year in foreign exchange and half a million direct and indirect jobs. The world production of sisal in 2012 was 220 tons, with Brazil being the largest producer (40%) (Branco et al., 2010; Faostat, 2015) .
The sisal juice or sisal liquid corresponds to the whole liquid fraction obtained from discarded material during the processing of sisal fibers, and it is produced by pressing the sisal leaves. From the total weight of the processed leaves, a small amount (~4%) corresponds to the fiber, and the remaining residue is composed of a solid fraction (~16%) and a liquid fraction (~80%). The liquid fraction is composed of water (~85%), pigments, hecogenin, pectin, organic acids, minerals, proteins, and fermentable carbohydrates. Species of the genus Agave are known to produce large amounts of sugars; the sugar content in sisal juice can vary from 35 to 65 g/l (Branco et al., 2010 , Arrizon et al., 2010 . There are no reports in the literature describing the industrial use of sisal juice. This residue is currently undervalued and discarded directly into the field. Thus, this study aimed at developing a process for the production of BC by Komagataeibacter hansenii ATCC 23769, in static cultivation, using sisal juice as substrate.
MATERIAL AND METHODS
This article does not contain any studies with human participants or animals performed by any of the authors.
Preparation and characterization of sisal juice
Sisal juice was obtained using a technology developed by Embrapa Algodão. Sisal leaves were kindly given by CAMPOL, an agro-industrial cooperative located in Pocinhos -PB, Brazil. The juice samples were stored at -18 °C and thawed at the time of preparation of the culture medium.
All analytical determinations of pure sisal juice were performed on samples autoclaved at 121 °C for 15 minutes. pH was determined by potentiometry. Reducing and total sugars were determined by the DNS method (Miller, 1959) , using glucose as standard. For total sugars determination, the DNS method was modified by preliminary acid hydrolysis (2 N HCl) of the samples. Glucose, fructose and sucrose were determined by high performance liquid chromatography using a Varian PL HiPlex Ca 8 µm column (300 × 7.7 mm) maintained at 60 °C and equipped with a refractive index detector (Varian Pro Star 355 RI). The phenolic compounds were determined by spectroscopy using the Folin-Ciocalteu method with gallic acid as a standard (Roginsky and Lissi, 2005) . The total nitrogen and protein content were determined by the Kjeldahl method (Yasuhara and Nokihara, 2001 ).
Reagents and media components
Bacteriological agar, casein peptone, and yeast extract powder were purchased from Himedia. D-Mannitol, ammonium sulfate, citric acid hydrate, anhydrous d(+)-glucose, hydrogen peroxide, anhydrous sodium dihydrogen phosphate, and sodium hydroxide were purchased from Sigma-Aldrich.
Microorganism and media preparation
Komagataeibacter hansenii ATCC 23769 was obtained from the André Tosello Foundation. The strain was previously kept at -18 ºC in glycerol 20% (w/v), was activated in mannitol broth (5.0 g/L of yeast extract; 3.0 g/L of peptone, and 2.5 g/L of D-mannitol), and statically cultured at 30 ºC for 2 days. The culture was propagated by inoculation of 3% (v/v) from mannitol broth to HS medium (Hestrin and Schramm, 1954) at 30 ºC for 24 h and transferred to the evaluated culture medium.
The sisal juice media were filtered through a 20-μm pore filter, diluted, the pH adjusted, supplemented (if necessary), and autoclaved at 121 °C for 15 minutes. Following autoclaving, the media were aseptically filtered through a 20-μm pore filter to remove any precipitates formed after sterilization.
Evaluation of sisal juice as an alternative medium for BC production
Some production conditions of BC in sisal juice by G. hansenii ATCC 23769 were studied to maximize cellulose production. The conventional optimization technique for fermentation parameters, the one-variable-at-a-time method, was applied. Assays were realized in Petri dishes of 14.5 cm diameter containing 100 mL of inoculated medium per dish (3% of inoculum, v/v). The culture plates were incubated at 30 °C under static conditions. The yield of cellulose production in the alternative media was compared with the yield obtained in synthetic HS medium.
Effect of dilution
BC production was evaluated in different dilutions of sisal juice, with initial sugar concentrations ranging from 2.5 to 15 g/L. The initial pH of the medium was adjusted to pH 5.0 and BC production in different dilutions was evaluated after 5 days of cultivation.
Effect of initial pH
The effect of initial pH (pH 3.0 to 8.0) on BC production was studied using culture medium containing sisal juice with a sugar concentration of 15 g/L.
Effect of nitrogen supplementation
The effect of medium supplementation with nitrogen sources (yeast extract and/or ammonium sulfate) on BC mass (M) production was evaluated using a Central Composite Rotational Design (CCDR) with 2 2 factorial and a central and axial point. The concentrations ranged from 0 to 15 g/L for yeast extract and 0 to 10 g/l for ammonium sulfate. The production of BC on a dry basis (g/L) and yield (Y P/S , %) were defined as response variables. Cultivation time was 5 days, with initial pH 5.0 and initial sugar concentration of 15 g/L.
Effect of culture time
After selecting the best conditions for BC production in sisal juice, BC production was evaluated for up to 22 days in HS medium (HS), selected sisal medium (SI), and labmade synthetic medium (SM) ( Table 1 ). The SM medium contained glucose, fructose, and sucrose as carbon sources, and peptone and yeast extract as nitrogen sources. The carbon/nitrogen (C/N) ratio of SM was similar to that of SI.
Analysis of fermentation media and quantification of BC production
After fermentation, the BC pellicles were harvested and the fermented media subjected to analysis of pH and total sugars by the DNS method (Miller, 1959) . Before the sugar content was analyzed, the media were filtered through 0.2 µm pore membranes to remove any microbial cells.
BC pellicles were purified by alkali treatment prior to determination of dry weight. Impure pellicles were washed with water, following immersion in a 1 N NaOH + 1% H 2 O 2 (v/v) solution (100 mL of solution/pellicle) at 80 ºC for one hour. After alkali treatment, the pellicles were rinsed in distilled water until a neutral pH was obtained.
BC dry mass was determined by weighing the dry, purified membranes using an infrared balance (170 °C). The yield (Y P/S, %) was estimated according to Eq. (1):
(1) mBC is the dry mass of BC produced per liter of medium, S i is the initial sugar concentration (g/L) and S f is the final sugar concentration (g/L) in the fermentation broth.
Statistical analyses
Results for the Central Composite Rotational Design were analysed using a mixed model analysis of variance (ANOVA) with 90% confidence intervals (Tukey´s test). The other results were analyzed using ANOVA with 95% of confidence interval.
Infrared Analysis (FTIR)
To evaluate the efficiency of the purification process the BC samples were examined using a Fourier transform infrared spectrometer (FTIR, Nicolet 800 combined with a MTech PAS cell). Spectra were obtained between 4000 and 400 cm -1 at a 4 cm -1 resolution, using an ATR crystal module with zinc selenide.
Scanning Electron Microscopy (SEM)
BC films were frozen at -80 ºC for 24 hours and freeze-dried for 72 hours. The pellicles were metalized by platinum sputtering and analysed by scanning electron microscopy (SEM) on a Zeiss DSM-940A microscope at 30 keV. The diameter of 50 nanofibers was determined using the ImageJ program (National Institute of Health-NIH).
RESULTS AND DISCUSSION

Sisal juice characterization
Sisal juice used in this study had a pH of 4.48 ± 0.01 and contained nitrogen (0.62 g/L), phenolic compounds (1.73 g/L), and sugars (15.05 g/L corresponding to 82% glucose, 10 % sucrose, and 8% fructose), thus being a nitrogen and carbon source for the fermentation process.
Sisal juice can be considered as a potential substrate for production of BC because the producing bacteria from Komagataeibacter generally require a source of sugars and nitrogen to be present in the medium (Jozala et al., 2015; Kurosumi et al., 2009; Çoban and Biyik, 2011) . Media with sugar levels ranging from 10 to 20 g/L may provide an optimal condition for BC production, as demonstrated in different studies (Jung et al., 2010; Keshk and Sameshima, 2006; Jung et al., 2005) .
Effect of dilution
Strain G. hansenii ATCC 23769 was able to synthesize cellulose throughout the whole range of sugar concentrations tested (2.5 to 15 g/L). The highest production of BC (2.6 g/L) was observed without dilution, at 15 g/L of sugar (Fig.  1a) . Even with the gradual increase in cellulose production, the yield remained statistically constant (around 25%) at all concentrations. The production of BC and the yields were almost 3-fold higher in sisal medium than in standard synthetic HS medium ( Table 2 ). The BC pellicles obtained after fermentation in HS and sisal media are shown in Figure 2 , and the fermentation conditions are described in Table 2 .
Both pellicles were visually similar, although the sisal-fermented pellicle was less transparent because of its higher cellulose mass. Final pH values in HS and sisal media were around 3.5 and 8.3, respectively.
The FTIR spectra of purified BC samples produced in SM and HS media followed the characteristic profile reported in the literature (Gea et al., 2011) . Several relevant bands characteristic of cellulose were found, many of them related to OH and CH bonds. The pellicle purification was effective, since no additional bands, related to nitrogen, protein structures, or possible contaminants (1535, (1730) (1731) (1732) (1733) (1734) (1735) 3150 to 3220) were detected (Data not shown). In this research, the amount of BC produced increased linearly (R 2 = 0.9886) as the initial sugar content increased. However, as the maximum amount of sugar found in pure sisal juice was 15 g/L, it was not possible to test higher concentrations. The increment of cellulose production with an increase in initial sugar concentration was significant (up to 394% from 2.5 to 15 g/L of initial sugar). BC production in media containing 10 to 40 g/L of glucose ranged between 1.21 to 1.51 g/L, which was not considered to be a significant increase (Jung et al., 2010) . The increase of sugar concentration from 5 to 15 g/L during cultivation of Acetobacter sp. HS V6 in HS medium resulted in a gradual increase in BC production, but the production decreased with sugar concentrations higher than 20 g/L (Santos et al., 2012) . The highest levels of production of BC achieved during cultivation of Komagataeibacter xylinus ATCC 10245 in HS medium were obtained at a sugar concentration of 10 g/L, while higher sugar concentrations (20 and 30 g/L) decreased the production (Keshk and Sameshima, 2006) . In another research, the highest BC production (5.3 g/L) was reached after Acetobacter xylinum BPR 2001 culture in sugar cane molasses with a sugar concentration adjusted to 20 g/L. At higher sugar concentrations (50 and 70 g/l), the production decreased (Bae and Shoda, 2004) .
Also, the addition of antioxidant compounds in the fermentative medium favored the production of BC because the antioxidants inhibit the formation of gluconic acid (Jozala et al., 2015; Keshk and Sameshima, 2006) . Species from the genus Agave are sources of antioxidant compounds with inhibitory activity against oxidative enzymes (Santos et al., 2012) , while bacteria from the genus Komagataeibacter can metabolize tannins, which accounts for their resilience and development in agroindustrial media (Usha and Appaiah, 2012) . Thus, the antioxidant phenolic compounds naturally present in sisal juice may have contributed to the inhibition of organic acid accumulation in the broth, thereby increasing BC production.
Effect of initial pH
BC production and yield at different initial pH values are shown in Figure 1b . The highest BC production was observed at pH 5 and 6 (2.60 g/l) and the highest yield was observed at pH 5 (23.29%). Even with similar production levels, the sugar consumption at pH 6 was 24% higher than at pH 5. There was no production of BC and no consumption of the substrate by the microorganism at pH 3, indicating that this condition inhibited bacteria growth. There was no BC production at pH 8, although more than 92% of the sugar supplied was consumed, possibly through an alternate metabolic pathway. Similar results have been described in other studies (Chawla et al., 2009; Hoenich, 2007; Hestrin and Schramm, 1954) , therefore allowing us to conclude that the best BC production occurs within the pH range between 5 and 6.
Production of BC from glucose rich media leads to the production and accumulation of organic acids in the broth, and this in turn leads to a decrease in pH, shifting from the ideal pH range between 5.0 and 6.0, and inhibiting the cellulose production after a certain cultivation period (Chawla et al., 2009; Jung et al., 2010; Kongruang, 2008; Hestrin and Schramm, 1954) . This explains the low BC production when pH below 5 was used in this work.
Effect of nitrogen supplementation
The mass of BC (M) and yield (Y P/S ) ranged from 1.76 g/L to 3.38 g/L, and 15.56% to 25.16%, respectively (Table 3) . The difference between the maximum and the minimum points is much larger than the variation conditions of the central point, where the reproducibility of the experiment is evaluated (Δ = 0.46 and 3.49, for M and Y P/S , respectively), indicating that the variations observed for different planning assays are derived from different culture conditions.
For the response variable M (g/l), only the linear effects of each variable were significant (α = 0.1); the effect of ammonium sulfate supplementation was negative, while the effect of yeast extract supplementation was positive. For the response variable Y P/S no effect was significant. Analyzing separately each experiment, the highest production (3.38 g·L -1 ) and yield (25.16%) were obtained in assay 7, where the medium was supplemented with 7.5 g/l of yeast extract. This production was higher than that in unsupplemented medium (2.6 g/l) ( Table 2) , representing a gain of 30% in production.
Media supplementation with nitrogen sources for BC production has been discussed in the literature by many authors. A higher BC production in a medium containing glucose was obtained when the medium was supplemented with yeast extract instead of ammonium sulfate (Çoban and Biyik, 2011) . Yeast extract and peptone are the most suitable nitrogen sources for BC production. The addition of such organic sources is indispensable for a significant production (Kurosumi et al., 2009; Jung et al., 2010) . The negative effect of ammonium sulfate addition in this work indicates that inorganic sources of nitrogen can exert an inhibitory effect on the metabolism of BCproducing bacteria, as observed in the literature (Panesar et al., 2012) . Furthermore, the addition of a nitrogen source above the limit promotes biomass increase and reduces BC production (Panesar et al., 2012) . Figure 3 shows the results of sugar consumption, yield, and pH during 22 days of culture in the media tested. In all tested media, the cellulose production increased over time (Fig. 3a) as sugar content decreased (Fig. 3b) , indicating the relationship between substrate consumption and product formation. BC production stabilized after the 10 th day in SI medium and after the 4 th day in SM and HS media. Maximum BC production was obtained in SI medium (2.75 g/l) (Fig. 3a) .
Effect of cultivation time
The pH of the SM and HS media decreased with time due to production and accumulation of organic acids in the broth, as previously stated. However, the pH of SI medium increased to 8.3. In all media, the pH stabilized after the 4 th day of culture (Fig. 3d) .
Yield reached a maximum value of 33.3% on the 3 th day in SI culture, with a gradual decrease in the following days (Figure 3 C) . SM and HS cultures presented maximum yield of 14.1% on the second day and 5.4% on the 4 th day, respectively. In all cases, there was a higher sugar consumption and BC production in the first 72 hours of culture. SI fermentative medium increased the BC yield by around 2.3-fold in comparison to the SM and by around 5.6-fold in comparison to the HS. According to the literature, the BC production and yields may vary depending on the sugar source used and the conditions of the fermentation process (Jozala et al., 2015) . Yield decreased from 66% to 30% from the 2 nd to the 4 th day of culture of G. xylinus ATCC 53524 in HS and the most significant increase happened in the first 4 days of culture. BC production by G. xylinus ATCC 53524 in HS medium ranged from 1.89 to 3.10 g/l between the second and fourth day of cultivation (Mikkelsen et al., 2009) . It was similar to that obtained for G. hansenii ATCC 23769 in SM and HS medium in this work. For Gluconacetobacter sp. RKY5 in HS medium, there was no increase in BC production after 6 days of culture (Young, 2011) . In others works, BC production stabilized at longer times of cultivation (Son et al., 2003; Jung et al., 2010) , as observed for G. hansenii ATCC 23769 in SI medium. The results indicate that pH variations tend to stabilize when cellulose production ends and the sugar consumption is not significant. The bio-compounds naturally present in sisal juice, such as phenolics, probably contributed to the increased conversion of sugars to BC when sisal juice is compared with the two synthetic media studied (SM and HS).
SEM
The SEM images confirmed the characteristic threedimensional BC structure (data not shown). Moreover, there were no significant differences between the membranes from different media and the fibril diameters were below 100 nm in HS (80.39 ± 23.03 nm) and SI (73.86 ± 16.20 nm) fermentative media.
Different culture media can influence the BC morphology (Jozala et al., 2015) . In spite of the quantitative differences in the evaluated media, SEM pictures of BC from both cultures are qualitatively similar. This similarity indicates that BC from sisal juice medium may be used for the same applications as BC produced in the standard synthetic medium.
CONCLUSION
According to the results presented, a process for BC production using sisal juice as substrate was developed. Sisal juice promoted significant gains in mass and yield compared to HS medium, with no significant difference in the nanofiber diameter. The maximum levels of BC production by G. hansenii ATCC 23769 were achieved through the static cultivation of the bacteria for 10 days, using sisal juice containing 15 g/L of sugars, supplemented with 7.5 g/L of yeast extract, at an initial pH of 5. Furthermore, the fermentative process developed with sisal juice was effective and better than in HS medium. Probably, sisal secondary metabolites improved the BC production, affecting the G. hansenii metabolic pathways. Comparing the productivity reached in this work with the literature, it could be seen that Komagataeibacter hansenii ATCC 23769 is not the most effective BC producer. However, the results clearly showed that sisal juice has potential as an alternative culture medium. In fact, the BC production was around 3-fold higher than in HS medium. This adds value to the sisal wastes and improves BC production, contributing to solve issues of up-scaling of BC production and the use of agroindustrial wastes.
